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Abstract
Motivated by the needs of the high-voltage power transmission industry, we use data from the high-latitude IMAGE
magnetometer array to study characteristics of extreme geoelectric fields at regional scales. We use 10-s resolution
data for years 1993–2013, and the fields are characterized using average horizontal geoelectric field amplitudes taken
over station groups that span about 500-km distance. We show that geoelectric field structures associated with
localized extremes at single stations can be greatly different from structures associated with regionally uniform
geoelectric fields, which are well represented by spatial averages over single stations. Visual extrapolation and
rigorous extreme value analysis of spatially averaged fields indicate that the expected range for 1-in-100-year extreme
events are 3–8 V/km and 3.4–7.1 V/km, respectively. The Quebec reference ground model is used in the calculations.
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Findings
Introduction
Extreme space weather events have recently received
increased federal regulatory, science, industry, and public
interest. Much of the attention is motivated by the ongo-
ing solar maximum and by the increasing vulnerability of
the modern society to major solar events (e.g., National
Research Council 2008). While we have not experienced
any extreme geomagnetic storms during the current solar
cycle, major non-Earth-directed coronal mass ejections
(CMEs) have been observed and analyzed in the extreme
event context (e.g., Baker et al. 2013; Ngwira et al. 2013).
These analyses remind us of the important fact that
extreme events do take place also during lower activity
solar cycles such as the ongoing cycle number 24.
The awareness about the hazards related to geomag-
netic disturbances (GMD) has generated a well-defined
practical need for quantification of extreme space weather
impact on high-voltage power transmission systems. To
address this need, the scientific community needs to
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specify the geoelectric field conditions that can gener-
ate extreme geomagnetically induced currents (GIC). In
this paper, we aim to provide information applicable to
engineering hazards analyses and correspondingly to pro-
vide information that can assist the work on the GMD
standards development.
One of the key requirements for the engineering GIC
hazard analyses is to specify the geoelectric field at the
area of the power transmission system being considered.
Specifying the geoelectric field at one single point such
as at individual magnetometer stations used for the geo-
electric field modeling is generally not directly applicable
unless a spatially uniform field can be assumed. To move
beyond single point analyses, we advocate the notion of
relevant spatial scales for the analyzed and applied geo-
electric fields. Since in GIC computation geoelectric fields
are applied across hundreds of kilometers, the estima-
tion of extreme geoelectric fields should reflect the field
magnitude across the same spatial scales.
The typical distance between high-voltage power trans-
mission system nodes is about 100 km. As GIC is basi-
cally proportional to the spatial integral of the geoelectric
field along the transmission lines, one usually does not
need to consider smaller than about 100-km-scale fea-
tures. On the other hand, for a system-wide impact, the
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enhanced geoelectric field needs to be determined over
the entire system. We argue that the selection of an area
of 500 km, albeit subjective, provides an adequate scale
for its intended application in power systems, and by the
patterns exhibited by the ground magnetic field measure-
ments as will be seen below. If substantial geoelectric
fields occur at about 500-km scales, the possible effects
are not anymore localized and the power transmission
system as a whole needs to be considered.
A body of work can be found on magnetometer station-
specific statistics (e.g., Boteler 2001; Langlois et al. 1996;
Pulkkinen et al. 2008; Thomson et al. 2011). Also, actual
geoelectric field distributions have been used to com-
pute GICs and the corresponding statistics (e.g., Myllys
et al. 2014; Viljanen et al. 2013). However, to our knowl-
edge, regional-scale geoelectric fields have not been con-
sidered earlier from the statistical and extreme analyses
standpoint. Based on the considerations above, we define
regional here as distances of the order of 500 km and set
out to characterize geoelectric fields, especially in extreme
situations, at those scales.
Data and analysis
Geomagnetic field recordings with 10-s temporal resolu-
tion from 23 high-latitude IMAGE magnetometer array
sites for the period January 1993–December 2013 are
used. Data used in the study have only a small amount
of gaps in coverage, and the array is spatially fairly dense
with station spacing of the order 100 km in the central
and northern parts of the array. We note that the usage
of 10-s data is important for capturing the fastest fluctua-
tions associated with the extreme GIC events (Pulkkinen
et al. 2006). The 10-s IMAGE data covers almost two solar
cycles, which will make the extrapolation of the statistics
to 100-year amplitudes possible. The IMAGE stations are
located in Northern Europe and cover approximately from
55 ° to 75 ° of geomagnetic latitude. The array experiences
magnetic field fluctuations mostly due to high-latitude
ionospheric currents.
Geomagnetic data from each IMAGE station are used
to compute the local horizontal geoelectric field E. The
field is calculated by applying the plane wave method,
which has been shown in numerous studies to be a
good approximation for GIC purposes (e.g., Ngwira
et al. 2008; Trichtchenko and Boteler 2004; Viljanen
et al. 2006a; Wik et al. 2008). Reader is encouraged
to consult Appendix A in Pulkkinen et al. (2012) for
practical instructions on application of the plane wave
method. The plane wave method is applied here using the
Canadian Quebec Province ground model (Boteler et al.
1998). Since the Quebec model is known to represent the
resistive end of typical ground structures, it is used here to
gauge the possible upper bounds for the geoelectric field
magnitudes.
It is important to note that we are not specifying the
geoelectric fields pertaining to local geological conditions
at the area of the IMAGE array. As is commonly done
in space physics research analyses, we use the IMAGE
array observations to specify the external near-space elec-
tric current conditions. The external conditions are then
applied to geological conditions of interest using the 1D
ground model and the plane wave method. The decou-
pled external source versus ground response approach
is valid because, excluding regions close to strong con-
ductivity anomalies, to a good approximation, the same
magnetospheric-ionospheric source current will produce
similar horizontal magnetic field variations at regions with
different ground conductivity structures. See Pulkkinen
et al. (2008) for a more detailed discussion on this.
For visual inspection of field structures at storm times,
Fig. 1 shows the computed geoelectric field distribution
on November 24, 2001 at 07:32 UT, which is the time
instant that had the second largest spatially averaged field
of the entire data set. The largest mean geoelectric field
magnitudes were observed in the local morning.
Figure 2 shows the geoelectric field on October 30, 2003
at 20:08 UT, when the largest spatially averaged field of
the entire data set occurred. The largest meanmagnitudes
were observed in this case close to the local midnight.
To show the contrast between the spatially averaged
extreme geoelectric fields and single station extreme
fields, Fig. 3 shows an example of single station extreme
geoelectric field. The extreme field took place October
30, 2003 at 16:49 UT. The peak geoelectric field was
very localized around one station in the blue group and
was observed in the local late afternoon. Figure 4 shows
the magnetic field and the computed geoelectric field at
the blue group stations on October 30, 2003 around the
time of the localized peak at 16:49 UT. As is seen, the
localized peak geoelectric field is associated with rapid
enhancement of the field at one of the stations. The entire
sequence takes place over a period of couple minutes,
and thus, the geoelectric field peak is both spatially and
temporally localized.
To carry out initial characterization of the geoelectric
field at 500-km spatial scales, we compute the average
magnitudes E = |E| over three different subsets of
IMAGE stations. More specifically, the geoelectric field
was computed first individually for each station, and the
corresponding time series of station-specific magnitudes
E were calculated. The station-specific geoelectric field
magnitudes were then used to compute average over
groups of stations for each time step of the data. For
brevity, refer to http://space.fmi.fi/image for details on
individual stations. The blue, green, and red groups span
distances of approximately 550, 430, and 510 km (see
Fig. 1), respectively, so the average over the sites in each
group provides a measure of the geoelectric fields with a
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Geoelectric field distribution at 07:32:20 UT. Max. |E|: 4.41 V/km.














Fig. 1 Computed geoelectric field distribution on November 24, 2001 at 07:32 UT. The colored circles show the three station groups used in spatial
averaging: blue, green, and red groups. The green group generates the largest average geoelectric field magnitude of 2.8 V/km. Note that the
maximum geoelectric field amplitude indicated in the top of the figure refers to a single station maximum, not to group average. Corrected
geomagnetic coordinates and Oblique Mercator map projection are used
spatial scale of the order of 500 km. These are referred to
as spatially averaged geoelectric fields. It is noted that the
five stations in the green group in Fig. 1 are a subset of
all available stations in the corresponding latitude band.
The subset was selected visually to provide approximately
uniform station distribution and about 500-km span.
Figure 5 shows the ten largest spatially averaged geo-
electric field magnitudes per year, and Fig. 6 shows the
occurrence distributions of the spatially averaged elec-
tric fields as the number of occurrences per 100 years.
Since only time instants that had data for all stations that
are part of the group were used for the statistics, the
data points in Fig. 6 cannot fully cover the entire 1993–
2013 period. The gray lines in Fig. 6 indicate rough visual
extrapolation of the statistics to the occurrence of one
10-s value per 100 years. The gray lines bound 1-in-100-
year spatially averaged geoelectric field magnitudes of 3–8
V/km.
We note that there is a deviation of the tail of the
red station group distribution in Fig. 6 from the general
downward slope. The deviation is associated with the data
from the October 29–31, 2003 geomagnetic storm. We
attribute the feature to finite-size effects of the statistics
and to the fact that the October 29–31, 2003 geomagnetic
storm is possibly less frequent than a 20-year event. We
show in the next section that based on the extreme value
analysis, 4.0 V/km average fields can be expected to occur
about 1-in-50 years.
Extreme value statistics
We carried out extreme value analysis to provide robust
extrapolation of the statistics in Fig. 6 to the expected
range of 100-year field magnitudes (for more details on
extreme values analysis, see Coles (2001)). In particular,
we are concerned with estimating the 95% confidence
interval for the 100-year return period.
From the daily maxima for spatially averaged fields of
the three station groups discussed in the “Data and analysis”
section, the allover maximum values for all three groups
have been selected to create a single time series for the
entire domain. As can be seen from Fig. 5, both the ampli-
tude and standard deviation of extreme geoelectric fields
depend on the solar cycle. The data clearly exhibits het-
eroskedasticity and an 11-year seasonality in the mean.
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Geoelectric field distribution at 20:08:50 UT. Max. |E|: 4.62 V/km.
 
 














Fig. 2 Same as Fig. 1 but for October 30, 2003 at 20:08 UT. The red group generates the largest average geoelectric field magnitude of 4.0 V/km
Heteroskedasticity is the statistical behavior of a process
to produce different variances at different times (i.e., the
variance is not constant over time).
The peaks over threshold (POT) extreme value method
was then applied to the data (Coles 2001). This method
is adept at exploiting all the available extreme observa-
tions, improving the efficiency of the estimation. The POT
is estimated using normalized excesses over a threshold;
the selection of the threshold is a compromise between
bias and uncertainty. The asymptotic basis of the model
relies on a high threshold; a threshold that is too low will
likely lead to bias. On the other hand, a threshold that is
too high will reduce the sample size and result in high
variance.
The data were declustered, and a threshold of 1 V/km
was selected for the analysis. The parameters were esti-
mated using the maximum likelihood estimator (MLE).
The traditional POT method relies on independent and
identically distributed (iid) data. As illustrated by the scat-
ter plot in Fig. 5, the iid statistical assumption is not
warranted by the data. To address this, we carried out a
re-parametrization of POT by calculating a 11-year sea-
sonality of the standard deviation σ of the time series,
defined as
σ = α0 + α1 · sin(t/T + φ) (1)
where α0 represents the offset in the standard devia-
tion, α1 describes the 11-year seasonality, T is the period
(365.25 × 11), and φ is a constant phase shift. The param-
eter α1 is statistically significant; the null hypothesis is
rejected with a p value of 0.001. The fitted values for α0
and α1 are 0.3 (0.03) and 0.2 (0.04), respectively. The σ
was used to rescale the 11-year heteroskedasticity at each
time step to achieve a closer-to-iid data for improved POT
result.
The 95% confidence interval of the 100-year return level
was calculated using the delta method and the profile
likelihood. The inset in Fig. 6 shows the derived return
period. The mean expected amplitude of the geolectric
field for a 100-year return level is 4.3 V/km. The confi-
dence interval, calculated at solar maximum, is [3.4, 7.1]
V/km. Note that the confidence interval in Fig. 6 is highly
asymmetric with a positive skew. The largest observa-
tion of 4.0 V/km is also shown in Fig. 6; it lies above the
expectedmean return level and is expected to occur about
1-in-50 years.
Discussion
By comparing Figs. 1, 2, and 3, it is immediately clear
that the station-specific and spatially averaged extreme
geoelectric fields can have very different spatial structures.
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Geoelectric field distribution at 16:49 UT. Max. |E|: 5.68 V/km.














Fig. 3 Same as Fig. 1 but for October 30, 2003 at 16:49 UT. A station in the blue group experiences the largest single station geoelectric field
magnitude of 5.7 V/km. The spatially averaged field magnitudes for blue, green, and red groups are 1.5, 0.6, and 0.1 V/km, respectively
While spatial correlations are clearly present in the form
of alignment of the computed field vectors in Fig. 3, the
magnitude in one of the locations is about five times larger
than at the nearby sites at about 240- and 280-kmdistance.
While this specific example is quite extreme in terms of
local field enhancement, it does illustrate that localized
features are observed during extreme storm conditions.
In contrast, when spatial average is used to identify the
maximum geoelectric field, as in Figs. 1 and 2, the geoelec-
tric field structure is much more coherent over regional
scales. We note that using spatial average as a metric does
not imply coherence or uniformity of the field. However,
as can be seen from Figs. 1 and 2, in these two cases that
are the most extreme in the utilized data set, extreme spa-
tial averages are associated with fairly uniform fields over
regional scales. This indicates that spatial average is capa-
ble of capturing regional-scale geoelectric field features
and is thus applicable measure for characterizing spatially
uniform or coherent fields.
As is seen from Fig. 6, the spatially averaged distribu-
tions do not decrease monotonously as a function of mag-
nitude and thus the most likely magnitude is non-zero.
This illustrates the fact that the high-latitude geomag-
netic field is constantly varying and the rate of change of
the field rarely vanishes. Correspondingly, there is a non-
zero geoelectric field at high-latitude locations most of the
time. We also observe a systematic shift of the most likely
geoelectric field magnitudes to lower values in Fig. 6 at
more southern station groups. This shift indicates that
on average, the geoelectric field has larger magnitudes at
higher latitudes. However, the tails of the distributions in
Fig. 6 converge, which is most likely caused by the fact
that during major storms, auroral oval “sweeps” across
the IMAGE array, thus exposing all stations to similar
geomagnetic and geoelectric field conditions.
Visual extrapolation and rigorous extreme value analysis
of spatially averaged high-latitude geoelectric fields indi-
cated that the expected range for 1-in-100-year extreme
events for the Quebec reference ground model, in a sense
of single 10-s value, is 3–8 V/km and 3.4–7.1 V/km,
respectively.We thus conclude that the two extrapolations
are in good agreement and provide reasonable expected
range for spatially averaged field magnitudes of a 100-year
event.
Many different solar wind-magnetosphere-ionosphere
processes can drive large geoelectric field and GIC events.
The examples in Figs. 1, 2, and 3 correspond to a wide
range of local times that reflect a variety of different
Pulkkinen et al. Earth, Planets and Space  (2015) 67:93 Page 6 of 8




























Fig. 4 Times series of the geomagnetic north-south component of the magnetic field (Bx ) observed by the blue station group (see Fig. 3) on
October 30, 2003 (top panel). The computed geoelectric field magnitude at the blue group stations on October 30, 2003 (bottom panel)
magnetosphere-ionosphere current systems that drive
geomagnetic induction process. While, for example, sub-
storms and geomagnetic pulsations have shown to be
responsible for some of the largest GIC at high latitudes
(e.g., Pulkkinen et al. 2003; Pulkkinen and Kataoka 2006;


























Fig. 5 The ten largest spatially averaged geoelectric field magnitudes
per year between 1993 and 2013
Viljanen et al. 2006b), the challenge is to explore and
understand what are the physical processes responsible
for both regional-scale and localized geoelectric field
enhancements illustrated in this paper. We also note that
while we believe the features presented in this paper
reflect mostly the spatial structure of the external source,
also localization of the fields enhancements due to the
lateral inhomogeneities in the ground conductivity struc-
tures, such as at coastal areas, need improved quantifi-
cation for GIC purposes (e.g., Pirjola 2013; Thomson
et al. 2005). New understanding about appropriate spa-
tial scales of geospace and geomagnetic induction pro-
cesses responsible for extreme geoelectric fields and GIC
is needed to better address the high-voltage bulk-power
system-related societal need.
Finally, we emphasize that the work described in this
paper is only the beginning in our exploration of spatial
geoelectric field structures pertaining to extreme GIC.We
will carry out detailed investigations of physical processes
responsible for different field structures and expand the
statistical analyses to include characterization of multi-
ple different spatial scales. We are also in the process of
conducting analyses to quantify the spatial localization
of the most extreme geoelectric fields and to study the
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Fig. 6 The statistical occurrence of spatially averaged geoelectric field magnitudes. The averaging was carried out over the station groups shown in
Fig. 1. The colors of the curves correspond to color coding of the groups in Fig. 1. Gray lines show the 3 and 8 V/km bounds for visually extrapolated
statistics. The inset shows the return periods obtained from peaks over threshold analyses. The circle in the inset shows the largest spatially averaged
magnitude in the data set. The box in the top right corner indicates the amount of data that were available for computing the statistics for each group
power engineering implications of extreme fields at differ-
ent spatial scales. These follow-up works will be published
elsewhere in the near future.
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